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CALCULATION OF QUASI-STATIC HELIUM TRIPLET
DIFFUSE LINE PROFILES
By Carl D. Scott
Manned Spacecraft Center
SUMMARY
Stark-broadened line profiles of the helium triplet diffuse series were calculated
using the quasi-static approximation for ions and electrons similar to the calculations
of Pfennig and Trefftz. In these calculations, Doppler-broadening, although negligible
in most of the cases, was included as a device to avoid singularities. An empirical
correction to the theory was made that appears to extend the validity of the quasi-static
theory for electrons into the impact approximation regime — toward the line cores.
Calculations were made for series members having upper principal quantum numbers
of 4.to 13. Plots and tabulations of the calculated profiles are presented in addition to
a discussion of the computational procedure and the validity of the calculations.
INTRODUCTION
Calculated spectral line profiles (intensity distributions) of the helium triplet dif-
3 3 ' •fuse (2 P - n D) series are presented. These profiles are calculated by using the quasi-
static approximation for ions and electrons. In the past few years, the interest in
measuring line profiles in the spectra of plasmas has increased because these profiles
are potential sources of information about the state and composition of the plasma. For
example, the electron density and the temperature of the plasma are important param-
eters in the formation of line profiles. Spectral lines are broadened as a result of per-
turbations in the energy levels of radiating atoms. These perturbations result from
the presence of nearby particles in the plasma, particularly the ions and electrons;
their proximity produces perturbing electric fields.
In addition to the number density of the perturbers and the plasma temperature,
the ways in which these perturbing particles behave as a collection are important. The
motions of the ions and electrons are correlated because of the long-range electric
fields; the fields of more distant perturbers are shielded from the radiating atoms by
closer perturbers. Therefore, the line profiles can yield information about the collec-
tive interactions, which is useful in developing and verifying theoretical models of the
plasma interactions and line-profile formation. Knowledge of the electron density and
temperature is basic for an understanding of the macroscopic state of the gas.
Considerable efforts have been applied to study line-broadening in hydrogen be-
cause of its simplicity and frequent occurrence in stellar atmospheres, in thermonu-
clear plasmas, and in basic plasma research. The technique of measuring hydrogen
Balmer line widths and profiles is well established (ref. 1). Helium is also important
in stellar and laboratory plasmas; therefore, the spectral lines are potential sources
of diagnostic information similar to that obtainable from the line profiles of hydrogen.
Helium line-broadening and comprehensive graphs and tables of helium line profiles
calculated using the quasi-static theory for ions and electrons (including particle cor-
relations and shielding) are presented in this report.
Extensive tables of hydrogen line profiles that can be used to compare measured
profiles and to obtain electron densities are available. The tables of Edmonds et al.
(ref. 2) for the hydrogen Lyman, Balmer, Paschen, and Brackett series are based on
a quasi-static treatment of ions and electrons. Measured profiles of the Balmer series
line wings by Schluter (ref. 3) have been shown to give good agreement with the quasi-
static theory. Other available tables include Kepple's tables (ref. 4) for the Lyman and
Balmer series of hydrogen; the tables are based on a quasi-static treatment of the ions
and an impact treatment of the electrons.
Helium has been studied to a lesser degree than hydrogen, and, until now, only a
limited number of tables and profiles has been available. The most complete set of
calculations for the singlet and triplet diffuse series of helium is contained in the tables
of Pfennig and Trefftz (ref. 5). The lines of these series exhibit linear Stark effects
like hydrogen because of the quasi-degeneracy of their energy levels. These calcula-
tions, which treated both the ions and electrons quasi-statically, were compared with
the measured profiles of Vidal (ref. 6); the electron density in his experiments was
13 -32. 65 x 10 cm , and the temperature was 1850 K. Agreement between the profiles
was reasonably good in the far wings of the profiles; that is, far from the center of the
line. Other calculations of helium line profiles, reported in references 7 to 9, treat
electrons with the impact approximation and the ions with the quasi-static approxima-
tion. Barnard.et al. (ref. 8) compare their calculation with the measurements of Wulff
16 —3(fcef. Iffl)} at ari electron density of 3 x 10 cm" . Although no comparative data are pre-
sented, Barnard et al. claim good agreement with Wulff's measurements.
This paper provides a more complete set of calculated helium line profiles, which
can. be> used for experimental verification and which may be used to determine electron
densiliies:from measurements of line wing intensities. The theoretical approach used
is a quasi-static treatment of both electrons and ions; it is similar to that used by
Pfennig,and Trefftz (ref. 5). Doppler-broadening is included is these calculations. An
empirical! correction, which may extend the range of applicability of the quasi-static
approximation!toward the core of the profile, is included, The present correction,
patterned after that of Schlifter (ref. 3) and Edmonds et al. (ref. 2), makes the per-
turber density NT a function of wavenumber Ai>, tending from N= N in the line core
to N = 2N in the far wings.
The theoretical approach and the numerical techniques used to program the calcu-
lations on a digital computer are discussed in a following section. The results of the
theoretical calculations and a limited comparison with experimental data are also dis-
cussed. Reasonably good agreement is obtained in the far wings. Plots of the profiles
for electron densities-of 10 ,10 , and 10 cm" and temperatures .of 3000 K,
10 000 K, and 30 000 K are given in appendix A. No empirical correction is used for




aQ Bohr radius !
b empirical constant
 :
CM weight factor proportional to relative line component intensity
c velocity of light
D(At/) normalized Doppler-broadening function
d mean distance of perturbers
E electric field strength . „
E (Av) field strength corresponding to a displacement Ai/ of the M,
^ component ;
E normal field strength
E..
 0 limits of integration in computer calculationi, &
IS mean field strength averaged over Stark components
- eigenvalue = Ay \
e electronic charge
HT T unperturbed helium energy matrix elementJuJ-i
HT T, perturbed helium energy matrix element
Unless otherwise noted, units are CGS.
HT .. T matrix elements caused by Stark-effect perturbatioij_i-1, i_i
H(/3, y) electric field-strength probability distribution
IM (Ai/) intensity of the Stark component M, n at Ai>
I(Av) line-profile intensity function
J total angular momentum quantum number
k Boltzmann constant
L, H orbital quantum number
L relative line intensity of Stark component
M, m azimuthal (magnetic) quantum number





n principal quantum number
a, parabolic quantum number







W(E) electric field-strength distribution function
y Debye shielding parameter
z (a J
z., , z0 coordinates of the electrons of helium atomsi &
j8 relative field strength, E/EQ
3 -1Ay wavenumber referenced to center of line (unperturbed n D level), cm
Aiv. wavenumbers at which profile is evaluated, cm"
3 -1At- splitting 2 P level with J, cm"j
Ai/_ minimum wavenumber for which the quasi- static theory is valid, cm"LJ
Ay displacement of Stark component M, /i caused by field E, cm" .
6 reciprocal of number of intervals per decade at which program computes
e numerical integration convergence criterion
e




(i quantum number related to parabolic quantum .number
cr measure of the width of the Gaussian function .
T mean time between collisions of perturbers andradiating atoms
<//(n, L, /LI) Stark- effect helium wave function :
4? (n, L, M) unperturbed helium eigenfunction
THEORETICAL TECHNIQUE
The theory of Stark- broadening of spectral lines may be approached from two op-
posing concepts: the impact theory and the quasi- static theory. The impact theory is
applicable when, on the average, the phase of an emitted wave is only slightly changed
during the time necessary for a few collisions. This condition applies in two general
cases. In the first case, the collisions are strong enough to disrupt the phase of the
wave, are well separated in time from one another, and occur instantaneously. Here
the collision time is effectively zero; whereas, the average correlation time is the
mean time between collisions. In the second case, the impact approximation states
that, if the collisions are so weak (although they may last for a significant length of
time with the effects even overlapping), the combined effect on the wave is small in the
characteristic collision time.
The quasi-static approximation is based on the assumption that the excited atoms
are in a relatively constant perturbing field produced by randomly situated (slowly
moving) perturbers. The resulting electric microfield perturbs the energy levels; this
disturbs the emitted line frequency by an amount Ay that depends on the strength of the
interaction. Thus, the total line shape depends on the probability distribution for sta-
tionary perturbers to provide a given interaction with the atom. The slowly moving ions
are particularly suited to this treatment; whereas the faster moving electrons may be
treated more adequately by the impact approximation, especially in high-temperature
plasmas. However, the 'quasi-static approximation has been used successfully for the
line wings to describe the broadening caused by electrons and ions in low-density, low-
temperature, radio-frequency-generated hydrogen and helium plasmas. This fact was
true for the hydrogen case where the empirical correction of Schluter (ref. 3) was used.
The same type of correction was applied herein to the quasi-static broadening theory
of helium.
The theory developed here is basically that of Pfennig and Trefftz (ref. 11), using
data from their perturbation calculations. However, their theory is modified by includ-
ing Doppler-broadening, and it is extended by including an empirical correction that
permits the applicability of the quasi-static theory (as applied to the electrons) to be
extended toward the center of the line.
Pfennig and Trefftz's (ref. 11) calculations shall be reviewed: They solved the
first-order, energy-perturbation eigenvalue problem for the perturbed energy matrix
elements resulting from a static, external electric field and their associated line
strengths as functions of the electric field. A first-order perturbation calculation is
possible because the helium energy levels exhibit degeneracy to a good approximation.
Were this not the case, the first-order term in a perturbation expansion would vanish.
The perturbation matrix elements were formed in parabolic coordinates by using essen-




HL-1, L * HL, L-l = 6E <n' L' MK + Z2|n' ^ M> (1)
t
where e is the charge of the electron; z1 and z? are coordinates of the electrons;
and n, L, M are quantum numbers.
These matrix elements form block-diagonal submatrices that are associated with
each M. The elements on the principal diagonals are the unperturbed energy eigen-
values. For L ^ 1, the helium eigenstate '/'(n, L, M) may be adequately described
by an unexcited Is electron, which does not contribute to H, ,
 T , and by an excitedLi-l, J-.
electron n£m(£ = L, m = M) the eigenfunction of which is approximated by the hydrogen




 n (2)(2T + 1)(24 -T)
where a., is the Bohr radius.
Pfennig and Trefftz (ref. 5) used the values of Martin (ref. 14) for the diagonal
elements EL, and extrapolated them to extend the table. They expressed the Stark -
effect eigenfunctions as linear combinations of the unperturbed helium functions
tf/(n, L, M).
>M, M) = Z-, ar (E)i// (n, L, M) (3)
^^ J-J/J. O
J_J
Then, they solved the eigenvalue problem
I aT, = aT £ (4)LL1 L UL
with the normalization condition
n-vl
 0
E 4tf •» <5>L=M ^
(M = M, M' + 1;, ... n• - 1). The index M is related1 to the parabolic quantum number n.: —
that iS', ju = n. + M. Pfennig and Trefftz (ref. 11) tabulated the Stark-effect splitting
Ay (perturbation energy) and relative line intensities LM . The splitting'is relative
to the unperturbed nD level, and perturbations in the 2P levels are neglected.
The equation for the perturbed relative line intensity of one' component is given by
(6)
where L (E) is the relative line intensity as a function of perturbing field strength
and W(E)dE is the probability of finding the atom in a perturbing field E ^ E' s E + dE.
The total line profile will be formed by summing the contributions from all components
M, M of the line. The integration with the Dirac delta function 6[Ai>M (E) - Ay]
selects a particular field strength associated with a given wavenumber. Integration in
equation (6) by the use of the theory of generalized functions yields
L, (Av) = L.. (E,. )W(E,, }MM MM\ MM/ \ MM/
dE (7)
where E is the electric field that is required to produce a displacement Ai/ in the
M, \i component. A summation over all the components yields for the total line profile





which is the expression used by Pfennig and Trefftz (ref. 5) in their calculation. How-
ever, this equation is not valid for certain values of Av. In several of the components,
dE is singular for certain AIA This occurrence is caused by a reversal or stop-
page in the displacement Af with increasing field strength.
2To avoid this mathematical difficulty in the present work, equation (6) was folded




2kT 2 1 - ( (9)
where cr is defined by this equation. One interesting feature of this function is that,
in the limit a — 0, the Doppler function behaves like the delta function. However, in
the physical situation, the Doppler function has a finite width; thus, the singularity en-
countered by using a delta function is eliminated.
J
 Folded = perform a convolution integral.
The general expression for the folding of two broadening functions is
v) = I I(At/')T(Ai; - Az/)d(Ai/') (10)
^_00
where I(Ay) and T(Ai/) are any general independent broadening functions. Equa-
tions (6) and (9) are substituted into equation (10) to yield
P ( A i / ) = l I 6~Ai / (E) - A y ' L (E)W(E)D(Ai/ - Ai/')dAv'dE (H)
The integration of equation (11) with respect to At/' yields
^
 =
where P — I in the notation. Thus, the Doppler function has replaced the delta func-
tion in the integral. This integral may now be computed by numerical means i The
desired equation for the triplet lines is obtained by restoring all components of the line
3 ' '
and by considering the splitting in the 2 P level. The fine structure splitting in the
3D states are neglected because degeneracy is assumed in that state. Therefore,
«A») = £ 2J+! £ f W(E)LMM(E)D[A, - A,MMj(E)]dE (13)
j=o MM
where Ai/M j(E) = A^M (E) + Af , Ay = 1. 045 for J = 0, Ai/ = 0. 049 for J = 1,
and Av = 0. 029 for J = 2 (ref. 11). Because the integrand is defined as zero for
d
E < 0, the lower limit of the integration may be zero. If W(E) and D(Ai>) are normal-




I(Av)dAv = 1 (14)
In the tables of Pfennig and Trefftz (ref. 11), LM (E) = 1 when the sharp component
of the line (^ = 0 term) is omitted. w M
The field- strength distribution function W(E) was obtained from the H(/3, y)
tables of Baraiiger and Mozer (ref. 15) for the high-frequency component. In these
tables, a two-body correlation approximation was used to account for shielding where
$ is the dimensionless field strength E/E . Recently, Hooper (ref. 16) has calcu-
lated the field- strength distribution function. His calculations account for all the higher-
order correlations; however, for small Debye shielding parameters y, the tables of
Baranger and Mozer (ref. 15) differ very slightly from those of Hooper (ref. 16). They
tabulated H(/3,y) for j8 from 0. 2 to 10 and for y from 0 to 0. 8 where y = d/X .
Here d is defined by Baranger and Mozer by the relationship
(15)
where N is the perturber density. This value is numerically almost equal to
d3Ne = 1 (16)
which associates d with the radius of the volume occupied by one perturber. The Debye
/ 2N1/2length is X = (kT/4wN e 1 . The normal field strength E is defined by
Equation (15) is solved for d and substituted into equation (17) to yield
10 2/3E =3.748xlO"1 UN kV/cm (18)
O 6
The function W(E) was obtained from the tables of H(/3, y) by the relationship
) (19)
10
For j3 > 10, the asymptotic formula of Baranger and Mozer (ref. 15) was used.
H(/3) « H - y/3~7/2(o. 5453y + 11. 78/3"1 + 114. 60~5/2 + . ..) (20)
where HQ « 1.496/3~5/2 + 7. 639/S"4' + 21. 60/3"
An empirical correction to the line profile may be made by following the reason-
ing of Griem (ref. 17), Schliiter (ref. 3), and Edmonds et al. (ref. 2). The justification
for this correction is based on Schluter's measurements and calculations for hydrogen
lines where his quasi-static calculations for electrons and ions N = 2N overpredicts
the profile intensity in the core and near-wings. An attempt was made to extend the
basic quasi-static Stark-broadening theory toward the center of the lines by making the
effective perturber density a function of the wavelength. Effectively, this extension
makes the line core a function only of ions; whereas the wings become dependent on
both electrons and ions in a smooth transition. In the present study of helium, a simi-
lar trend was noted, suggesting that the same type of empirical correction would apply.
The empirical correction used is of the form
N = Ne[l. (21)
and
(22)
where a and b are constants to be chosen; Ay < AvT is the displacement from theLI
line center for which impact treatment of the electrons is appropriate, and Ai> > &v.
is the range of validity of the quasi-static approximation.
N.
The value of Ai/ was calculated by the use of the asymptotic behavior of W(E)JLj
and by averaging over Stark components. For the quasi-static approximation to be
valid, the time between collisions r = r/v must be long compared with the perturba-
tion period i/27r| Ai;|c. Here v is the velocity, and r is the distance of the perturb-
ing particle that produces the electric field. Thus,
T » l/2ir|Ai/|c (23)
11i
' \
2 2Because E = e/r and l/2m v = 3/2kT, the following condition exists.
»
3kT E
,2 2 m Ai/47r c e e
(24)
As a precise calculation of the theory shows, this condition is too strict. The following
condition is sufficient (ref. 18).
1 3kT E
2 2. m. Ai/ (25)
Values were calculated for E/Ai/ and were averaged over all the Stark components in









where the factor in the parentheses is a weight factor that weights the components by the
dE E'fractional intensity of the component. With the approximation that dAi/
(justified in the linear Stark effect and therefore only slightly dependent on Ai/), the
asymptotic expression W(E) » E
sion for the average field strength
-5/2







Because E is only slightly dependent on the value of Ay, E/Av may be introduced into
the expression for &v, (eq. (25)). In the numerical calculation, a component was omit-
ted if it did not contribute to the line profile in the range of interest — for example, the
= 0) component was omitted.
The technique for extending the range for which the quasi- static theory applies is
limited because the profiles are no longer automatically normalized if W(E) has been
12
normalized by the use of a constant normal field strength E . To avoid renormaliza-
tion of the line profile, W(E) was normalized in the following manner. Taking the
normalization condition
/: H(/3)d/J = 1 (28)
and transforming the variable of integration, the following is obtained
dE= (29)
where 3E is the absolute value of the Jacobian of the transformation:
3E
E 3N 3z
o E 2 3N 9z 3Av 9E
(30)
Therefore,
Jo o \ ol
1 -
3N 3z
E 3N 3z 3Ai/ 3E
o
dE = 1 (31)
A modified, field-strength distribution may be defined as
1 - E 3E 3N dz3N 3z 3E (32)
This definition differs from the usual definition of W(E) by the Jacobian factor. In
this instance, the normalization is preserved.
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NUMERICAL TECHNIQUE
The results of the theoretical analysis have been coded for computation by com-
puter at the Manned Spacecraft Center. The language used is FORTRAN V, which is a
commercially amplified version of FORTRAN IV. The present program will run using
a compiler for either language.
The basic problem of the computer program used to calculate the line profile is
to evaluate the integrals of equation (13) for a sufficient number of wavenumbers to de-
fine the profile. Equal log steps are used for the interval between successive Ay..
This procedure is used because the wings of the profiles have essentially exponential
-5/2decay (Ay ); therefore, the intervals between successive Ay. may increase with
increasing At/, and still adequately describe the profile. Near the core of the pro-
file, finer resolution is required to define the profile than out on the wings. The set of
Ay. for which the integrals are evaluated is determined by beginning with an initial
wavenumber on each wing and computing successive Ay. by the recursion relationship
(33)
where 1/6 equals the number of intervals per decade. Equation (33) results in equal
log increments by taking the logarithm of equation (33) and solving for 6 .
6 = log Ay. - log Ay. (34)
Because 6 is constant, the intervals log Ay. . - log Ay. are equal.
The integrals in equation (13) are evaluated by Simpson's 1/3 rule over a large
enough interval of the electric field E (range of integration) so that the integrand is
- 18less than approximately 10 at the end points of the interval. From calculated values
of the integrand, it is estimated that, over a wide range of temperatures, the field
i
strengths corresponding to an interval of wavenumbers equal to ±2. 5 cm will satisfy
-18this minimum in the integrand end points (~10 ) without an underflow of the computer-
storage capability. The smallest number greater than zero that the computer is capable
-37
of handling is approximately 10 . An underflow should be avoided because the com-
puter will set the value stored equal to zero. This occurrence causes the integration
subroutine to yield an integral of zero when the integrand is zero at both end points of
the interval. The interval about the argument of the Doppler function Ay - Ay (E)
_ 1 ^is only ±2.5 cm because the Doppler-broadening function is very narrow at the
14
temperatures considered in these calculations. For higher accuracy at higher or lower
temperatures, the interval about Ay - Ay for which the integral is evaluated should
be changed. The range of E defined by the above considerations is obtained by solving
E/Ay.. \ and\ MMy
Ay - Ay. .
 T ± 2. 5 = 0 , (35)
'
for the lower integration limit E- and the upper integration limit £„. Thus,
AyM . = Ay,. + AyT where AyT accounts for the splitting in the lower energy state
3
2 P (the broadening of which is neglected). From the tables of Pfennig and Trefftz
(ref. 11), Ay is obtained. By interpolating between points in the table with a second-
degree Lagrangian interpolation, E is obtained. The interpolation subroutine requires
that the independent variable be tabulated in ascending order. Because in this situation
it is necessary to find E as a function of Ay , then Ay (E) must be in ascending
order in the table of values. In general, this situation does not obtain, because Ay,_Mju.
may be an ascending, a descending, or even an ascending and a descending function of
E. To solve for E- and E_, the computer program arranges each array of Ay
into ascending order before calling the interpolation routine. In cases in which the
function has a stationary point, the array is split into two arrays, each of which is
treated separately. Likewise the corresponding array E is inverted and, when neces-
sary, is split in two arrays. Thus, once the arrays are in the correct sequence for use
in the interpolation subroutine, the limits of integration Ej and E_ are found. If
Ay. = Ay + AyT ± 2. 5 is not in the table of values, then that term in the sum is ne-Mju J '
glected. Physically, this technique means that, if an electric field strength
0 s E ^ E does not produce a line component with a contribution at
Ai/ = Ay - AyT ± 2. 5, then the contribution to the line shape is negligible. The max-
imum field strength tabulated in the tables of Pfennig and Trefftz is E . Neglecting
IHclX
terms in which the interval Ej ^ E ^ £„ falls outside the tabulated range probably
amounts to an error of less than 1 percent in the line intensity at Ai/, if the normal
field strength E is well within the tabulated interval. This situation may happen at
the lower electron densities and low quantum-numbered lines; that is, where the lowest
tabulated value of E is 1. 0 kV/cm and E is less than 1. 0. Large errors may occur
in the core of the line profile when this situation occurs. The calculated normalization
of the profile will nbt be equal to unity in these cases.
The integration subroutine makes successive approximations to the integral by
dividing the range of integration into a number of equal parts and then evaluates the
integral by the Simpson's 1/3 rule for that number gf intervals.' This result is com-
pared with the previous one to determine whether tii& change in the result is less than
a given small number e ; ^then the range of integration is split into twice as many
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intervals, and Simpson's rule is again calculated. If the two successive results differ
by less than e , the integral is said to have converged. A maximum number of these
iterations N is set by the calling program; and, if the integral does not converge
HiclX
to within e before N iterations, the integration subroutine returns, and a state-
max
ment that the integral did not converge is printed. In the case of the intensity integra-
tion, a relative error of 0. 002 was preset so that the sum of the integrals may have an
error less than 4# - CM e where CM is a weighting factor proportional to the
relative contributions of the M/i component of the line. The total integration error is
usually less than 2 percent. Lines having more components — that is, the lines cor-
responding to high quantum numbers — have larger errors of this type than those cor-
responding to low quantum numbers.
To check the evaluation of the function W(E) and to check the accuracy of the
intensity calculation, the functions W(E) and I(Ai>) are normalized by integration.
The normalization integrals should equal unity. In all cases, /W(E)dE differed from
1 by less than 0. 1 percent and the error in /I(Ai/)dAy was less than 3 percent. The
larger errors are attributed to neglect of the extreme far wings in the normalization
integral. Some error results because an interpolation is used to calculate I(Ay) be-
tween points for which the profile was calculated.
A quadratic Lagrangian interpolation is used to evaluate the line strength L (E).
To evaluate W(E) at E, the following procedure was used. As earlier stated, ^
3E
E. HiE?y]r ~ EO (36)
A table of H(j3, y) for the value of the Debye shielding parameter y = d/X_ is inter-
1/3 1/2 1/3polated from Baranger and Mozer1 s tables where d=(15 /4) ' 2(ir) ' N ' is the
mean separation of perturbers and A_. is the Debye length. All the partial derivatives
except 9Ai//3E are determined analytically using equations (18), (21), and (22) and
is calculated by fitting a parabola to three successive values of E and com-
puting the derivative analytically. Values of H(E/E ,y) for E//3 = E not tabulated
are interpolated by a Lagrangian interpolation of degree 2 for E/E < 10. For larger
values of E/E , the series given in equation (20) is used.
_ _1
In the calculation of the mean field strength E, the value of Ay = ± 200 cm is
chosen. This value is chosen because it is on the wing where the assumption that




Several cases covering a range of temperatures and electron densities were cal-
culated, and the results are plotted and tabulated in appendixes A and B, respectively.
13 14 15 -3The profiles are given for electron densities of 10 ,10 , and 10 cm and for
temperatures of 3000 K, 10 000 K, and 30 000 K. These ranges of electron densities
and temperatures are within the ranges for which the quasi-static approximation for
electrons and ions is valid (ref. 18) for the line wings; therefore, no empirical correc-
tion was used in these calculations. The gas temperature, which gives rise to the
Doppler-broadening, is assumed to be the same as the electron temperature. This as-
sumption does not lead to difficulty because the Doppler-broadening contribution to the
profiles at the temperatures of interest is very small, especially for higher lines at
moderate- to high-electron densities. Nevertheless, to account for a difference in
electron and gas temperatures, it would be possible to modify the calculation for use of
the two temperatures. The gas (neutrals) temperature would be used when evaluating
the Doppler function, and the electron temperature would be used when evaluating the
Debye shielding parameter. To be more precise, the field-strength distribution func-
tion caused by ions must be calculated separately from the broadening caused by elec-
trons, and these two functions must be folded together. The empirical correction
technique would then have to be modified.
The calculated profiles for principal quantum numbers n=4 to n = 1 3 are given
-5/2in appendix A. In general, the profiles obey the expected Ay dependence in the
wings, and the temperature, through the Debye shielding parameter y, has little effect
on the profiles in the far wings for lower electron densities. At higher densities,
shielding becomes more important in describing the wing profiles, especially for the
-5/2higher lines. The profiles in appendix A for n = 4 show a deviation from the Ay '
dependence at approximately Ay = 130 cm" and At/ = 50 cm . This behavior results
from the numerical approximation made in the calculation.
In components for which the calculations were made, the tables of Pfennig and
Trefftz do not extend beyond these values of Ay. The program omits components where
Ay is essentially outside the range of these tables. This numerical approximation was
not good in the case of n = 4 for the range of Ay. To correct this deficiency, the per-
turbation calculation must be made for higher values of the perturbing electric field E,
and the table must be extended. Such an exercise is not necessary for practical use be-
cause the errors in the profiles occur in a region very far down on the curve where ex-
perimental measurements are impractical because of very small intensities and the
uncertainty in the background continuum.
The utility of the profiles given in appendixes A and B is for comparison with ex-
perimentally measured wing profiles to obtain an approximate measure of electron den-
sity (subject to T « T ). In the far wings, the intensity is approximately proportional
to the perturber density; therefore, interpolation will give a good estimate of the elec-
tron density. For a more precise comparison of experimental data with calculated
17
profiles, the computer program should be used to generate a profile for which the elec-
tron density and temperature have been estimated or obtained by other means. The fact
that impact-broadening has been neglected in the calculation is justified when correlating
the far wings with the measured profiles because quasi-static broadening predominates
in that instance. However, to use line widths as an electron-density probe, impact-
broadening should be included or other more general broadening theories should be used.
A Comparison of Calculated Profiles With Experimental Data
Experimental line profiles of the helium triplet diffuse series were measured in
an arc jet plasma flow (ref. 19). Because of gradients in the radial distribution of tem-
perature and electron density, it was necessary to invert the radial intensity distribu-
tion at each wavenumber in the measured profile. An Abel inversion technique was used.
The electron temperature at the centerline was 7800 K, and the electron density was
1 5 - 31.4 x 10 cm . The inverted line profile at the jet centerline is compared with sev-
3 3
eral calculated profiles for the violet wing of the 2 P-8 D line in figure 1. Five profiles
were calculated; in four, the empirical corrections were used. The values of the pa-
rameters used in the empirical corrections are shown in figure 1. The perturber den-
sity in the uncorrected calculation was twice the electron density. The calculated
profile for parameters a = 14 and b = 1 gives a somewhat better fit to the experi-
mental data in the violet wing. This fact is consistent with the results of Schliiter
(ref. 3) for hydrogen. An even better consistency with Schliiter's results is found if
Unso'ld's estimate (ref. 20) for the critical value for the transition between the quasi-
static and impact domains of electron-broadening At/
 T is used. The critical valueLI











Figure 1. - A normalized Abel-inverted profile (r = 0) compared with calculated
3 3quasi-static profiles folded with the Dqppler profile for the 2 P-8 D line.
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CONCLUDING REMARKS
A computer program was written to obtain a set of helium triplet diffuse line pro-
files calculated over a range of electron densities and temperatures. These calculated
profiles are useful for comparing the theoretical technique and approximations used with
experimental measurements. These profiles yield more insight into the basic nature of
the interactions of perturbing particles in the neighborhood of radiating atoms and give
information as to what perturbing mechanisms are important; that is, average quasi-
static electric fields or collisions. This question has been answered to some extent by
previous investigators for the wings of helium line profiles in low-density plasmas.
This agreement of measurements with theory also appears to be valid for medium elec-
tron densities based on the work reported here; however, the experimental verification
is limited to only one spectral line.
The quasi-static theoretical line profiles for the helium triplet diffuse series
3 3(2 P-n D), including Doppler-broadening, have been programed for computation by a
FORTRAN V computer program. These calculations give an estimated overall compu-
tational accuracy of better than 3 percent over most of the line wings; however, the
theory is not applicable in the core of the lines because of neglecting the impact-
broadening of electrons.
The computer code also includes an optional empirical correction to the perturber
density, which appears to improve the agreement with experimental data over a limited
range toward the line core. This correction makes the perturber density a function of
wavenumber. The theoretical plausibility of the correction is based on work applied to
hydrogen by Griem and Schlxiter. This technique preserves the normalization of the
profiles.
Good agreement was found between an experimentally measured profile of the
3 32 P-8 D line and the calculated profile in the line wings; however, the agreement was
poor in the line core and in the region of the resolved, forbidden components. Further
work is needed to put the calculations on firmer theoretical ground.
The curves and tables given in the appendixes may be used for determining the
electron density of helium plasmas from measurement of the helium triplet diffuse line
-| O -1C O
wing profiles over a range of electron densities of approximately 10 to 10 cm"
Further experimental measurements over this range should be made to verify this
conclusion.
The profiles calculated here are seen to be fairly insensitive to temperature ex-
15 -3cept those profiles for which the electron densities are in the region of 10 cm and
higher for lines having a high principal quantum number. Even in these cases, less
than 25-percent error will be incurred for an uncertainty in the temperature of an order
of magnitude.
Manned Spacecraft Center
National Aeronautics and Space Administration
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(a) Violet wing, triplet diffuse series (2P-4D).
Figure A-l. - Quasi-static theoretical profiles folded with Doppler profiles (wave-
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(b) Red wing, triplet diffuse series (2P-4D).
Figure A-l. - Concluded.
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(a) Violet wing, triplet diffuse series (2P-5D).
Figure A-2. - Quasi-static theoretical profiles folded with Doppler profiles (wave-
length = 4026. 00 A). Parameters are temperature and electron density.
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(a) Violet wing, triplet diffuse series (2P-6D).
Figure A-3. - Quasi-static theoretical profiles folded with Doppler profiles (wave-
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(b) Red wing, triplet diffuse series (2P-6D).
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(a) Violet wing, triplet diffuse series (2P-7D).
Figure A-4. - Quasi-static theoretical profiles folded with Doppler profiles (wave-









— * —10 000 K
— + — 30 000 K
-1 -10 -100
Delta wavelength, I/cm
(b) Red wing, triplet diffuse series (2P-7D).
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(a) Violet wing, triplet diffuse series (2P-8D).
Figure A-5. - Quasi-static theoretical profiles folded with Doppler profiles (wave-
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(a) Violet wing, triplet diffuse series (2P-9D).
Figure A-6. - Quasi-static theoretical profiles folded with Doppler profiles (wave-
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(b) Red wing, triplet diffuse series (2P-9D).
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(a) Violet wing, triplet diffuse series (2P-10D).
Figure A-7. - Quasi-static theoretical profiles folded with Doppler profiles (wave-
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(a) Violet wing, triplet diffuse series (2P-11D).
Figure A-8. - Quasi-static theoretical profiles folded with Doppler profiles (wave-












(b) Redwing, triplet diffuse series (2P-11D).
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(a) Violet wing, triplet diffuse series (2P-12D).
Figure A-9. - Quasi-static theoretical profiles folded with Doppler profiles (wave-
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Figure A-9. - Concluded.
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(a) Violet wing, triplet diffuse series (2P-13D).
Figure A-10. - Quasi-static theoretical profiles folded with Doppler profiles (wave-
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(b) Redwing, triplet diffuse series (2P-13D).
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